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Abstract 

Purpose To consider whether feed supplements that reduce 
methane emissions from dairy cows result in a net reduction 
in greenhouse gas (GHG) intensity when productivity 
changes and emissions associated with extra manufacturing 
and management are included. 

Methods A life cycle assessment was undertaken using a 
model farm based on dairy farms in Victoria, Australia. 
The system boundary included the creation of farm inputs 
and on-farm activities up to the farm gate where the func¬ 
tional unit was 1 L of fat and protein corrected milk (FPCM). 
Electricity and diesel (scaled per cow), and fertiliser inputs 
(scaled on farm size) to the model farm were based on 
average data from a survey of farms. Fertiliser applied to 
crops was calculated per area of crop. Animal characteristics 
were based on available data from farms and literature. Three 
methane-reducing diets (containing brewers grain, hominy 
or whole cotton seed) and a control diet (cereal grain) were 
modelled as being fed during summer, with the control diet 
being fed for the remainder of the year in all cases. 
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Results and discussion Greenhouse gas intensity (kg C0 2 - 
eq/L FPCM) was lower than the control diet when the 
hominy (97 % compared with control) and brewers grain 
(98 %) diets were used but increased when the whole cot¬ 
tonseed diet was used (104 %). On-farm GHG emissions (kg 
C0 2 -eq) were lower than the control diet when any of the 
methane-reducing diets were used (98 to 99.5 % of emissions 
when control diet fed). Diesel use in production and transport 
of feed supplements accounted for a large portion (63 to 
93 %) of their GHG intensity (kg C0 2 -eq/t dry matter). 
Adjusting fertiliser application, changing transport method, 
changing transport fuel, and using nitrification inhibitors all 
had little effect on GHG emissions or GHG intensity. 
Conclusions Although feeding strategies that reduce meth¬ 
ane emissions from dairy cows can lower the GHG emis¬ 
sions up to the farm gate, they may not result in lower GHG 
intensities (g C0 2 -eq/L FPCM) when pre-farm emissions are 
included. Both transport distance and the effect of the feed on 
milk production have important impacts on the outcomes. 

Keywords Carbon footprint • Dairy cows • Emissions 
intensity • Enteric methane • Feed supplements 

1 Introduction 

In response to concerns about the influence of enteric meth¬ 
ane on global warming, the possibility of using nutritional 
manipulation strategies to reduce enteric methane production 
by domesticated ruminants has become an important re¬ 
search area (e.g., Grainger et al. 2010; Moate et al. 2011). 
Increasing the fat concentration in the diet of cattle has been 
shown to reduce the methane emissions from those cattle 
(Martin et al. 2010; Moate et al. 2011). However, this dietary 
strategy can only be used when fat is naturally low in the 
base feed. In the temperate regions of Australia, pasture (the 
base feed) is low in fat during the summer months. It is not 
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known if reducing direct emissions using this dietary strate¬ 
gy also results in a net reduction in greenhouse gas (GHG) 
emissions across the value chain, from feed production to 
milk harvesting. Such an analysis, or life cycle assessment 
(LCA) approach, needs to include the emissions during 
production of the raw materials for the feed supplements, 
manufacture and distribution of the supplements, as well as 
any emissions that result from altering the management 
system. The ranking of mitigation strategies can change 
depending on whether the on-farm emissions only are con¬ 
sidered or if the on-farm plus upstream supporting activities 
(such as grain production) are included (O'Brien et al. 2010). 

Different dietary treatments may affect milk composition 
(e.g., Moate et al. 2011), which affects the energy density 
embodied in the milk. Using fat and protein corrected milk 
(FPCM) takes this effect into account by calculating the 
volume of milk of a standard composition that has the same 
energy density as the fresh milk obtained (IDF 2010). 

We hypothesised that feed supplements that reduce meth¬ 
ane emissions from dairy cows would not result in a net 
reduction in GHG intensity (kg C0 2 -eq/L FPCM) when up¬ 
stream emissions and productivity impacts were considered. 


2 Methods 

2.1 Problem definition 

The goal of the investigation was to assess GHG mitigation 
due to dietary supplements from the perspective of the net 
emissions from cradle to farm gate. Two functional units 


were used to compare the results: (1) total GHG emissions 
from cradle to farm gate, and (2) GHG intensity of 1 L of 
FPCM (IDF 2010) at the farm gate. 

On-farm activities and emissions associated with produc¬ 
tion and transport of major inputs were included within the 
system boundary (Fig. 1). Veterinary services, medications, 
and chemical purchases were all excluded as a previous 
(unpublished) study showed them to contribute less than 
1 % of total emissions. Capital items, both land and machin¬ 
ery, were also excluded. The model farm was assumed to be 
in a steady state so no changes to land use were included. 

The LCA study was undertaken using the calculation 
process described in the Australian National Greenhouse 
Accounts—National Inventory Report 2009 (DCCEE 2010). 
An attributional approach was used as suggested by the Inter¬ 
national Dairy Federation (IDF 2010). This approach is suit¬ 
able when several static scenarios are being compared, rather 
than investigating how associated industries will change in 
response to the entire dairy industry switching to a particular 
feed supplement. 

Allocation of emissions between co-products (milk and 
meat) used the default values of 85.6 % to milk and 14.4 % to 
meat from the physical causality method of the IDF (2010). 
An economic allocation method was also applied, for 
comparison. 

2.2 Farm details 

A model farm was simulated for the purpose of carrying out 
the LCA study. While this model is not based on a specific 
farm, it is based on data from farms and experiments so it 


Fig. 1 Generic farm activities 
and major inputs were included 
in the investigation 
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provides a useful context for comparing the possible changes 
in GHG emissions when each of the methane-reducing diets 
is used. Farm area was taken as 180 ha with 5 % used for 
growing forage crops, based on a survey of non-irrigated 
dairy farms in Gippsland, Victoria, Australia (DPI 2010). 
Farm income (DPI 2010) for the modelled year was split 
across the sale of milk ($2,059/cow) and livestock 
($ 153/cow). Number of milking cows was set at 350, with 
each cow producing 7,030 kg FPCM per year in the control 
scenario. 

2.3 Farm energy 

Electricity consumption was considered to be a function of 
the number of milking cows since more than 90 % of elec¬ 
tricity use occurs within the dairy (Genesis Automation 
2000). An increase in milking herd size results in longer 
milking duration or larger equipment being used, resulting 
in more electricity being consumed. Electricity consumption 
(DPI 2010) was plotted against farm size (expressed as the 
number of milking cows) and the resulting linear regression 
was forced through the origin (Fig. 2). 

Electricity use (kWh) = 299.4(±12.68) x No.of cows, R 2 = 0.97 

(i) 

Diesel volume used was collated from a survey of dairy 
farms (DPI 2010) then estimated by (Eq. 2), derived from a 
linear regression (Fig. 2) of diesel use on dairy farms versus 




Fig. 2 Electricity consumption (top) and diesel use (bottom) were both 
related to farm size expressed as number of milking cows 


the number of cows. The GHG emissions from diesel were 
modelled in two parts, the pre-farm emissions from manu¬ 
facture and delivery, and the on-farm emissions from use on 
farm. 

Diesel used(L) = 25.8(=L2.44) x No.of cows, R 2 = 0.87 

( 2 ) 

2.4 Farm fertiliser 

Fertiliser use was based on quantities reported for non- 
irrigated, Gippsland dairy farms (DPI 2010). Sixty-four dif¬ 
ferent fertiliser blends were reported as used so all fertilisers 
were converted to the mass of N, P, K and S applied as a 
means of averaging this wide range. For fertiliser applied to 
pasture, there did not appear to be any trend with either the 
number of milking cows or the area of pasture for P, K or S 
despite pasture area ranging from 80 to 300 ha. Farm size 
was also expressed as number of cows multiplied by area 
(cow hectares) as either an increase in cows or increase in 
area was expected to require an increase in the amount of 
fertiliser applied. However, there was no trend with this 
parameter of farm size either. This could reflect farmers 
adjusting their fertiliser use in response to higher soil fertility 
on the surveyed farms. There was a trend for N applied but 
the correlation was poor. Therefore, a simple average, kilo¬ 
gram per cow hectare, was used (Table 1). For fertiliser 
applied to crops, there was a trend with area; so, linear regres¬ 
sions forced through zero were used to determine the rate of 
application of each nutrient (Table 1). Quantities applied to 
pasture were derived from non-irrigated, Gippsland dairy 
farms (DPI 2010). Quantities applied to crops were taken only 
from those farms where crops were grown (DPI 2010). Emis¬ 
sions of N 2 0 from fertiliser use were calculated using emis¬ 
sions factors (kg N 2 0-N/kg N applied) of0.004 for direct N 2 0 
emissions from applied N, and 0.001 for N 2 0 emitted indi¬ 
rectly from volatilised N, and 0.003 8 for N 2 0 from fertiliser N 
lost through leaching and runoff (DCCEE 2010). Fertiliser N 
is volatilised as NH 3 and oxides of N, which are subsequently 
deposited onto soil or water, where some N is released as N 2 0. 

Mass of urea required was determined by the mass of N 
required and an N concentration in urea of460 g/kg. Mass of 
potassium chloride required was determined by the mass of 


Table 1 Nutrients applied on non-irrigated farms in Gippsland 


Nutrient 

Pasture (kg/[cow.ha]) 

Crop (kg/ha) 

N 

0.421 

113.3 

P 

0.052 

28.7 

K 

0.119 

26.8 

S 

0.063 

9.2 
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K required and a K concentration in potassium chloride of 
500 g/kg. Masses of single and triple super were calculated 
by solving the simultaneous equations: 

S = SSx SSupS + TS x TSupS 


P = SS x SSupP + TS x TSupP 
Where: 

SSupP proportion of single super that is P, fraction, 0.086 
SSupS proportion of single super that is S, fraction, 0.110 
TSupP proportion of triple super that is P, fraction, 0.200 
TSupS proportion of triple super that is S, fraction, 0.008 
SS mass of single super required, in kilograms 
TS mass of triple super that is required, in kilograms 
P mass of P required, in kilograms 

S mass of S required, in kilograms 

From the above equations for the mass of single super 
required (Eq. 3) and triple super required (Eq. 4) were 
derived. 


SS = 



SSupS- 


TSupS x P 
TSupP 

TSupS x SSupP 
TSupP 



TS 


P-SSupP x SS 
TSupP 



2.5 Farm animals 

Herd demographics (Table 2) were taken from Browne et al. 
(2011) as they collated data from multiple farms over multi¬ 
ple years. The body weight of milking cows was taken from 
Moate et al. (2011) to be consistent with the feed consump¬ 
tion and methane emissions, used in the LCA analysis, of 
those same cows. Body weight of bulls and replacement 


Table 2 Quantities, mass and rate of bodyweight gain for the stock 
used in the model 


Stock 

Quantity 

Mass (kg) 

Mass gain (kg/day) 

Milking cows 

350 (= nf 

600 b 

0.04 c 

Heifers <1 year 

25 %of/? a 

250 c 

0.1 c 

Heifers >1 year 

25 %of/? a 

450 c 

0.6 C 

Bulls, mature 

1 % of n a 

600 c 

o 

Ln 

o 


a Browne et al. (2011 ) 
b Moate et al. (2011) 
c DCCEE (2010) 


stock, and mass gain of all classes of animals were the 
default values from the Australian inventory (DCCEE 
2010). Assumptions concerning stock were: replacement 
bulls were purchased at working age, all replacement heifers 
were raised on the farm without loss, and all other calves 
were sold within 11 days from birth. The resulting herd 
demographics were 350 milking cows, 88 heifers less than 
1 year of age and 88 heifers greater than 1 year of age (each 
25 % of the milking herd) and 4 bulls (1 % of milking herd) 
(Table 2). The milking herd was assumed to be static, so 88 
cows either died or were sold each year. 

Milk production was based on actual yields recorded at 
DPI Ellinbank from April 2010 to March 2011. Milk yield 
data were smoothed to generate seasonal production data and 
to remove fluctuations that may have been artefacts due to 
weather conditions within the data period. Milk yield during 
summer, when the supplements were fed, was dependent on 
the diet being fed (Table 3). 

Manure management for the simulated farm was based on 
inventory average values for Victoria (DCCEE 2010), with 
92 % of manure from milking cows being voided at pasture, 
and 100 % voided at pasture for other dairy cattle. The 
remaining 8 % from milking cows was assumed to be col¬ 
lected in a lagoon system. Excretion rates were calculated 
using the Australian inventory equations (DCCEE 2010). 
The inventory calculations use an integrated methane con¬ 
version factor in the calculation of methane emissions from 
manure to allow for the fraction of voided solids that is 
converted to methane. For a pasture plus lagoon system, this 
conversion factor was calculated to be 8.1 %. This factor was 
used instead of the Australian inventory (DCCEE 2010) 
figure of 6.5 %, which is based on a state average data and 
includes lagoon, slurry, and spreading systems. 


Table 3 Composition of the diets (g/kg DM) used in summer and the 
resulting methane yield (g/kg DM intake) and fat and protein corrected 
milk (FPCM, kg/cow per day) 


Diet 

Control a 

BG a 

Hominy a 

wcs b 

Lucerne hay 

254 

265 

255 

259 

Pasture silage 

373 

370 

377 

407 

Cracked wheat 

303 

106 

0 

173 

Brewers grain 

0 

259 

0 

0 

Hominy meal 

0 

0 

270 

0 

Whole cottonseed 

0 

0 

0 

160 

Methane yield 

25.0 

23.7 

22.1 

23.5 C 

FPCM 

24.4 

24.0 

24.6 

21.4 


BG brewers grain (barley), WCS whole cottonseed 
a Moate et al. (2011) 
b Grainger et al. (2010) 

c Corrected data scaled relative to control diet shown 
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2.6 Feeding strategies 

In the control scenario, the primary feed source for all ani¬ 
mals in the model was grazed pasture. Each milking cow was 
also given 7.5 kg DM wheat/day during lactation (Browne 
et al. 2011). Any feed gaps were filled with previously 
conserved, surplus pasture. This diet was fed in autumn, 
winter and spring. In summer, four different diets were 
compared (1) Control: wheat and forage; (2) Brewers grain, 
wheat and forage, (3) Hominy meal and forage and (4) 
Whole cotton seed, wheat and forage. The forage during 
summer was pasture silage grown and conserved on farm 
during spring, and purchased lucerne hay (Table 3). 

Daily intake during summer (20.9 kg DM/cow) was set 
the same for all four diets and was estimated using the 
inventory equation, which is based on feed intake of non- 
lactating cattle plus an additional intake for milk production 
(DCCEE 2010). Diet composition and the resulting enteric 
methane emissions and milk yields for each of the four diets 
during summer was taken from the experiments of Moate 
et al. (2011) and Grainger et al. (2010) (Table 3). Grainger 
et al. (2010) acknowledged their reported methane emissions 
were higher than other data and determined a correction so 
their corrected values were used. To ensure the results of the 
two different experiments were comparable, the methane 
emission from cows fed whole cotton seed was expressed 
as a fraction of that from cows fed the control diet (Grainger 
et al. 2010). This fraction was then applied to the methane 
emissions from cows fed the control diet in the experiment of 
Moat et al. (2011) to estimate the methane emission from 
cows fed whole cotton seed relative to the methane emis¬ 
sions measured in the experiment of Moate et al. (2011). For 
autumn, winter and spring, when methane-reducing supple¬ 
ments were not provided, daily intake (kg DM/cow), diet 
composition, and enteric methane were estimated using the 
inventory equations (DCCEE 2010). 

Milk yield was adjusted for the months when the dietary 
strategies were used. Adjustment was relative to the control, 
with milk yields being scaled relative to the fat and protein 
content of the milk reported in the results of Moate et al. 
(2011) and Grainger et al. (2010). Fat and protein corrected 
milk (IDF 2010) was used because it adjusts for any differ¬ 
ences in milk composition between dietary strategies. 

2.7 Supplementary feed 

Allocation of emissions to each of the supplementary feeds 
was done on an economic basis, as recommended by the IDF 
(2010). Lucerne hay was purchased and delivered in large 
rectangular bales. Establishment of the lucerne was excluded 
from the emissions calculation. Maintenance (Pritchard and 
Dettmann 2011) and harvesting (Frank Mickan, personal 
communication) of lucerne was included. Silage was 


produced from pasture grown on the farm, so production is 
already included as part of the farm inputs. 

Production of wheat grain was modelled using the “Wheat 
at farm/AUS” process from the Australasian library in 
SimaPro (Centre for Design at RMIT and Life Cycle Strate¬ 
gies Pty Ltd 2010). Additional processes included in the 
emissions calculation were transport to the feed mill 
(400 km, 73 % rural travel, 30 on 45 t truck with tare of 
211, no backhaul), cracking of the grain (1.5 kWh electricity 
per tonne processed, loss rate 0.5 % of incoming grain) and 
transport to the dairy farm (50 km, rural travel, 28 on 30 t 
truck with tare of 15 t, no backhaul). 

The production of barley, the source grain for brewers 
grain (BG), was modelled by including the inputs for pad- 
dock preparation, sowing, weed control, fertiliser applica¬ 
tion, and harvesting (APVMA 2011; Bashford 1999; Case 
2011; DAF 2011; Hoy 2008). Emissions from the activities 
resulting from beer production at the brewery and transport 
of grain to the brewery were fully allocated to beer, making it 
unnecessary to model the brewery for this study. Emissions 
that contributed to the grain production were allocated be¬ 
tween beer and BG on an economic basis. Transport of BG 
from the brewery to the dairy farm (150 km, 70 % rural 
travel, 28 on 30 t truck with tare of 15 t, no backhaul) was 
fully allocated to the BG. The GHG emissions of the barley 
leaving the farm gate was allocated 98.4 % to beer and 1.6% 
to BG using $4/L for beer and $300/t for BG as a stock feed. 
Every 1 L of beer was accompanied by the production of 
0.22 kg DM of BG (Hospido et al. 2005; Koroneos et al. 
2005; Talve 2001) and consumed 0.26 kg of barley grain 
(The Climate Conservancy 2008; Cordelia et al. 2008; 
Koroneos et al. 2005). 

Hominy meal is a by-product from the dry milling of 
maize grain and consists of the germ plasm, skins and some 
grits. The production of maize was modelled using the aver¬ 
age inputs required to produce 11 of maize grain in Australia. 
These were land area, irrigation water, fertiliser, pesticide 
and diesel. Quantities of inputs for irrigated maize were 
taken from CSD (2008) while those for dryland maize were 
compiled from information supplied by Kieran O'Keeffe and 
Robert Eveleigh (personal communications). Composition 
of the fertilisers used was taken from Incitec Pivot (2011). 
The production share for irrigated maize was 80 % and 
dryland maize was 20 % (Robert Eveleigh, personal com¬ 
munication). Fraction of stubble burnt was taken as 50 % 
(Grant and Beer 2006). Of the maize grain entering the mill, 
72 % left as grit for further processing and 28 % was hominy 
meal (Gerard Toskin, personal communication). Transport of 
the maize grain to the mill and all emissions associated with 
the milling were allocated to the maize grit, thus making it 
unnecessary to model the mill in this study. Transport of 
hominy from the mill to the dairy farm (900 km, 85 % rural 
travel, 28 on 301 truck with tare of 15 t, backhaul 1 load in 5) 
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was allocated to the hominy meal. The GHG emissions of the 
maize grain entering the mill was allocated between the grit 
and hominy on an economic basis using values per tonne of 
$775 for grit and $218 for hominy. 

Whole cotton seed (WCS) production was modelled using 
the fertiliser, diesel and pesticide inputs of cotton (CSD 
2008, Robert Eveleigh personal communication). As with 
the other feed supplements, transport from the farm to the gin 
and all inputs to and emissions from the gin were assigned to 
cotton lint, making it unnecessary to model the gin in this 
study. Transport of WCS from the gin to the model farm 
(1,700 km, 95 % rural travel, 28 on 30 t truck with tare of 
15 t, backhaul 1 load in 5) was assigned to the WCS. Each 
bale of cotton delivered to the gin was 40 % cotton, 58 % 
WCS, and 2 % trash. Allocation of GHG emissions associ¬ 
ated with cotton seed production up to the farm gate was 
done on an economic basis using values of $2,200/t for 
cotton lint, $250/t for WCS, and $0/t for trash. 

2.8 Calculations 

SimaPro was used to model the GHG emissions from a 
model farm when cows were fed wheat, brewer grain, hom¬ 
iny meal or whole cottonseed. Life cycle inventory data for 
transport, energy, fertiliser and wheat processes were 
obtained from the Australasian library (Centre for Design 
at RMIT and Life Cycle Strategies Pty Ltd 2010). Calcula¬ 
tions of on-farm emissions were constructed using equations 
and emission factors from the Australian National Green¬ 
house Accounts methodology (DCCEE 2010). Processes for 
feeds other than wheat were constructed using information 
from industry reports, agronomy practices and published 
LCA studies. 

Calculations of emissions were grouped by source mate¬ 
rial (e.g., fertiliser) rather than location of emission (e.g., soil 


or air). This was for convenience since many derived values 
fed into subsequent calculations. Processes were taken from 
the Ecolnvent library (ecoinvent Centre 2007) when no other 
suitable process or information was available. The global 
warming potential (GWP, 100-year basis) of 1 kg of CH 4 
was taken as 21 kg C0 2 -eq and 1 kg ofN 2 0 as 310 kg C0 2 - 
eq as per DCCEE (2010). 


3 Results 

Annual GHG emissions on-farm, relative to the control diet, 
were similar or reduced when the BG (0.5 % less than 
control), hominy (2.0 % less) and WCS (1.0 % less) were 
fed in summer. Pre-farm emissions were reduced relative to 
the control diet when the BG (5.6 % less than control) and 
hominy (7.7 % less) diets were fed in summer but increased 
when the WCS diet (3.0 % more than control) was fed. This 
resulted in total emissions to the farm gate being less than the 
control diet when the BG (1.6 % less) and hominy (3.2 % 
less) diets were fed in summer. Total emissions to the farm 
gate when WCS was fed in summer were similar to when the 
control diet was fed. 

Greenhouse gas intensity (kg C0 2 -eq/L FPCM) when the 
WCS supplement was used was 4.4 % higher than when the 
control diet was fed. This change in ranking was due to a 
12 % reduction in milk yield when this supplement was fed 
(Table 4). Both the BG and hominy diets resulted in reduc¬ 
tion in GHG intensity similar to the reductions in total GHG 
emissions. 

The carbon footprint of the wheat, delivered to the dairy 
farm, was 425 kg C0 2 -eq/t DM, most (80 %) of which was 
associated with its production, of which tractor diesel use 
accounted for about one third (36.4 % of total footprint). 
Total diesel use, which includes production plus transport, 


Table 4 Annual greenhouse gas emissions resulting from the summer dietary strategies 


Diet 

GHG emissions (t CO 

2 -eq) 


GHG intensity d 

(kg C0 2 -eq/L FPCM e ) 

On-Farm a 

Pre-Farm b 

Total c 

IDF 

Economic 

Control (inventory) 

1,980 

568 

2,548 

0.89 

0.96 

Control 

2,030 

568 

2,598 

0.90 

0.98 

Brewers grain 

2,020 

536 

2,556 

0.89 

0.97 

Hominy 

1,990 

524 

2,514 

0.87 

0.95 

Whole cotton seed 

2,010 

585 

2,595 

0.94 

1.02 


a On-farm includes only those emissions occurring within the physical boundary of the farm 
b Pre-farm includes the emissions associated with all purchased items such as feed and energy 
c Total includes all emissions up to the farm gate 

d Greenhouse gas intensity is shown using the allocation method of the International Dairy Federation (IDF) and economic allocation 
e Fat and protein corrected milk 
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accounted for 55 % of the GHG emissions for wheat deliv¬ 
ered to the dairy farm. 

The carbon footprint of the BG, delivered to the dairy farm, 
was 129 kg C0 2 -eq/t DM. Transport was the single largest 
(93.3 %) contributor to this. The high water content (80 %) of 
the BG contributed to the high transport emissions to deliver 
1 t DM, but the primary reason is the small proportion of 
production emissions allocated to the BG as a result of its low 
economic value relative to beer, the primary product. Total 
diesel use, transport plus production, accounted for 99 % of 
the total footprint of BG. 

The carbon footprint of the hominy, delivered to the dairy 
farm, was 231 kg C0 2 -eq/t DM. More than half of this was 
generated by transport because hominy was assumed to be 
transported 900 km. When diesel use during maize produc¬ 
tion was added, total diesel use accounted for 63 % of the 
total GHG emissions. 

The carbon footprint of the WCS, delivered to the dairy 
farm, was 497 kg C0 2 -eq/t DM. Approximately half of this 
was associated with its production and half with its transport. 
A large portion of the GHG emissions from the production of 
WCS was from the use of diesel in the growing of cotton. 
Total diesel use accounted for almost 80 % of the carbon 
footprint of delivered WCS. 

4 Discussion 

4.1 Greenhouse gas emissions 

Contrary to our hypothesis, feed supplements that reduced 
methane emissions from lactating cows did result in a net 
reduction of GHG intensity (kg C0 2 -eq/L FPCM) when 
brewers grain or hominy diets were fed during summer but 
there was a small increase when WCS was fed. The key 
reasons for this are the different reductions in methane emis¬ 
sions on-farm for each diet, differences in pre-farm emis¬ 
sions for each diet and changes in milk production when 
cows were fed each diet. The WCS was freighted 1,700 km 
so distance was a large contributor to the total emissions for 
that diet. Also, in the data set used here, the milk yield from 
WCS-fed cows (Grainger et al. 2010) was lower than that of 
control diet-fed cows although Dayani et al. (2011) and 
Miller et al. (2009) substituted WCS into a control diet and 
found no difference in milk yield. Total emissions when the 
WCS diet was fed were similar to when the control diet was 
fed, so if milk yield had been similar, then the GHG intensity 
would have been similar at 0.90 kg C0 2 -eq/L FPCM. 

The GHG intensity (kg C0 2 -eq/L FPCM) using the IDF 
allocation method for all four diets was similar to, but lower 
than, comparable values from grass-based farms reported by 
Flysjo et al. (2011a) (1.0-kg C0 2 -eq/L energy corrected 
milk) and O'Brien et al. (2011) (1.1-kg C0 2 -eq/kg milk). 


Other reported values of GHG intensity from dairy systems 
were higher ranging from 1.1-kg C0 2 -eq/L energy corrected 
milk (Flysjo et al. 2011a) to 1.6-kg C0 2 -eq/L FPCM 
(Thomassen et al. 2008), but these included some indoor 
housing of animals during the colder times of the year 
whereas our cows were outdoors all year. The difference 
between our results and the results from other grass-based 
systems disappeared when the most recently published 
values of GWP (25 kg C0 2 -eq for 1 kg of methane and 
298 kg C0 2 -eq for 1 kg of N 2 0, Forster et al. 2007) were 
used in our assessment. The increase in GHG intensity is due 
to the increase in the impact of methane from livestock 
(about 70 % of all emissions as C0 2 -eq) being larger than 
the reduction in impact from the use of nitrogenous 
fertilisers. Regardless of this change in impact, the ranking 
of feeding strategies remained unchanged, meaning our 
choice of GWP did not affect our comparison of dietary 
strategies. 

Comparison of the carbon footprint for the feed supple¬ 
ments was difficult. As identified by Flysjo et al. (2011a), 
different researchers use different boundaries and factors 
when calculating the GHG emissions of products. The dif¬ 
ferent environments, production practices, and local emis¬ 
sion factors used in different studies meant direct compari¬ 
sons to published results were not possible. Lechon et al. 
(2005) reported carbon footprints of 154-kg C0 2 -eq/t for 
wheat and 143-kgC0 2 -eq/t for barley in Spain. Eady et al. 
(2012) reported footprints of 253-kg C0 2 -eq/t for wheat and 
211-kg C0 2 -eq/t for barley when sourced from a mixed- 
farming system in Western Australia. In contrast, we esti¬ 
mated carbon footprints of 301-kg C0 2 -eq/t for wheat at 
source farm and 109-kg C0 2 -eq/t for malting barley when 
grown in Victoria, Australia. Feng et al. (2010) reported the 
carbon footprint for maize grown in Iowa, United States, 
ranged from 262 to 360 kg C0 2 -eq/t. These values are higher 
than the 248-kg C0 2 -eq/t calculated by us and would have 
the effect of making the emissions from the hominy diet 
higher than calculated. A published carbon footprint for 
cotton seed could not be found. 

4.2 Allocation 

The allocation between milk and meat production was the 
method of the IDF (2010) and this seems a reasonable 
simplification based on the findings of Flysjo et al. 
(2011b). After comparing a range of allocation scenarios, 
they reported that the physical causality method of the IDF 
(2010), with an 86 % allocation to milk, was closest to the 
76 % allocation to milk from a complete system expansion. 
Their economic allocation assigned 94 % of the farm carbon 
emissions to milk, which is similar to the 93 % economic 
allocation to milk used in our work. 
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None of the emissions from the factory processes that 
created each by-product were included in this study as all 
these emissions were allocated to the primary product. If the 
model allocated some of the processing emissions to a by¬ 
product, then the carbon footprints of the BG, WCS and 
hominy meal would be higher than those reported. This 
means the calculated net reduction in GHG emissions when 
the methane-reducing diets were fed may be eliminated. 
Complete modelling would be necessary to determine the 
actual change to the carbon footprints calculated. However, 
based on brewery emissions of 0.16-kg C0 2 -eq/L beer 
(Berners-Lee 2010) and allocation between beer and BG, 
including the brewery is only likely to add approximately 12- 
kg C0 2 -eq/t DM to the carbon footprint of the BG diet, an 
increase of 0.2 %. 

4.3 Maximising supplement use 

Adjusting diets to maximise the fat content was investigated 
as a means to increase the reduction of enteric methane. The 
fat content of the WCS diet was already at the upper limit of 
60 g/kg DM for maintaining rumen function, and hence 
energy supply of lactating cows. However, there was oppor¬ 
tunity to increase the fat concentration of the hominy diet, 
but this could only be done at the cost of reducing the protein 
concentration of the diet to a level below than necessary to 
meet cow requirements (Freer et al. 2007). In the BG diet, fat 
could be increased to 57 g/kg DM, an increase of 10 g/kg 
DM, by including more BG and using less wheat. Using the 
prediction equation of Moate et al. (2011), the methane 
emission from the milking cows on the increased BG diet 
was calculated to be 21.9 g/kg DM. The resulting annual 
total emissions were estimated as 2,528-t C0 2 -eq, a reduc¬ 
tion of 70-t C0 2 -eq relative to the control diet. Although this 
provides a potential improvement in the BG supplement diet, 
there is a need to consider other constraints such as the 
quantity of BG the cows can eat and any change in N 2 0 
emissions from the additional N in the reformulated diet, 
before claiming that increasing BG in the diet is advantageous. 

4.4 Reduction options 

Adjusting fertiliser purchases in response to the different 
nutrient concentration of each feeding strategy could be 
one way to reduce the carbon footprint of milk at the farm 
gate. Purchasing wheat (N concentration of 24 g/kg) as part 
of the control diet imports less N than purchasing WCS (N 
concentration of 36 g/kg) as part of the WCS diet. Over the 
summer period, this difference is equivalent to 3.4 t of urea. 
Since feeding the WCS diet brings more N onto the farm 
than the control diet, less urea could be purchased to fertilise 
pasture, with a saving of 3 t C0 2 -eq. However, when 


compared to the 2,500-t C0 2 -eq of GHG emissions for the 
whole farm, this potential reduction is negligible. 

Increasing the longevity of milking cows from four to five 
lactations reduced the carbon footprint for the farm on the 
control diet to 2,530-t C0 2 -eq or 0.88 kg C0 2 -eq/L FPCM. 
This reduction is half that achieved by feeding hominy meal 
and is achieved by reducing the number of young stock 
reared each year as replacements for the milking herd. Fur¬ 
ther increasing the longevity of the milking cows will further 
reduce the total emissions of the farm. This reduction is in 
addition to any achieved through dietary strategies. 

Road freight accounted for 19 % of the emissions for the 
supply of wheat to the dairy farm and 57 % of that for 
hominy. While this reflects the distance from the place of 
production to the dairy farm, it is also a function of the mode 
of transport used. For travel in rural areas, the trucks used 
had GHG emissions of 0.125-kg C0 2 -eq/tonne km (tkm), 
but bulk transport by rail is only one tenth of this at 0.0124- 
kg C0 2 -eq/tkm (Centre for Design at RMIT and Life Cycle 
Strategies Pty Ltd 2010). If WCS was freighted by rail for 
90 % of the total distance, then by truck to the dairy farm, the 
GHG emissions from transport would be reduced by 75 %, 
with the total emissions of delivered WCS being reduced by 
34 %. Similarly, if hominy was freighted by rail for 80 % of 
the total distance, the GHG from transport would be reduced 
by 70 %, with the total emissions of delivered hominy being 
reduced by 40 %. Both wheat and BG had much smaller 
travel distances, but at least half of their journey could be by 
rail, suggesting that a 45 % reduction in GHG emissions 
from transport could be possible. Despite these large reduc¬ 
tions in the emissions from transport, using rail to transport 
the feeds would only result in about a 1 % reduction in the 
total emissions to the farm gate and the GHG intensity of the 
milk. This small reduction is due to the purchased feeds 
contributing only a small proportion (1.6 % for hominy to 
11.5 % for wheat) to the total emissions of the farm, which 
are driven primarily by emissions from livestock (~70 % of 
total). 

The “total fuel cycle” of a range of diesel alternatives 
were analysed by Meyer et al. (2011). They reported that 
compressed natural gas (CNG) has 95 % of the GHG emis¬ 
sions (in grams per tonne kilometre) of ultra low sulphur 
diesel. This is similar to the 8 % reduction for CNG relative 
to diesel reported by Beer et al. (2002). This small reduction 
in GHG emissions suggests that replacing diesel with CNG 
will not have a large effect on the carbon footprint of feed 
supplements as delivered, even in those cases where trans¬ 
port is about half of the footprint. 

Nitrification inhibitors have been shown to reduce the loss 
of N from the soil as N 2 0, but with responses estimated to 
range from 30 to 60 % (de Klein and Eckard 2008). In wheat, 
BG and WCS, fertiliser accounts for only a small proportion 
of the total emissions of delivered product, but for hominy, 
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N 2 0 emissions account for 18 %. If nitrification inhibitors 
were used on the maize crop, and reduced the loss of N as 
N 2 0 by 50 %, then the emissions of 1 t DM of delivered 
product would be reduced by 9 % for hominy. The resulting 
effect on the emissions of the model farm would be a 0.1 % 
reduction for the hominy diet. 

4.5 Sensitivity to transport distance 

A break-even distance was defined as the distance a supple¬ 
ment can be transported such that the total emissions to the 
farm gate are the same as the control diet. When looking at 
the annual carbon emissions to the farm gate, the break-even 
distance for BG was 443 km, for hominy, it was 4,106 km, 
and with WCS, it was 1,917 km, all of which are greater than 
the distances used in the farm simulation. In terms of emis¬ 
sions per litre FPCM, the break-even distance for BG was 
359 km, for hominy, it was 4,259 km, and for WCS, it was 
0 km. The differences between the break-even distances for 
whole farm versus per litre FPCM emissions reflect the effect 
of the supplement on milk yield. In the experiment of 
Grainger et al. (2010), WCS reduced milk yield such that 
transporting WCS any distance always gave more emissions 
per litre FPCM than the control diet. 

4.6 Uncertainty 

Three parameters of the many used in life cycle assessments 
have been reported to have the greatest impact on results 
(Flysjo et al. 2011a). For grazing dairy cattle, these are the 
emission factors for N 2 0 from excreta, fertilisers, and ap¬ 
plied manure; the emission factor for methane from enteric 
fermentation of feed; and the feed intake of cattle. In our 
assessment, feed intakes and methane emissions were mea¬ 
sured, which reduced the uncertainty surrounding them. 
Although all three parameters may affect the absolute values 
reported, they do not affect the ranking of the dietary strat¬ 
egies since the emission factor for N 2 0 was constant for all 
strategies and the measurements of methane emission and 
feed intake were all relative to the control diet. 

There is some uncertainty around the electricity, diesel 
and fertiliser use since data were taken from only 20 farms. 
We chose to use detailed information from a few farms in 
preference to broad information from many farms to ensure 
strong links between the data from different farm activities 
were maintained. 

We are confident that the methane emissions from the 
milking herd do reflect the relative differences for the dietary 
strategies investigated. However, we acknowledge that the 
data were taken from a small experimental herd and may not 
reflect the actual emissions if all cows in Victoria, Australia, 
were fed the experimental diets. 


Transport often contributed a large portion of the carbon 
footprint of the feed supplements. While the distances used 
within the investigation are representative for a farm in 
Gippsland, different distances will need to be used if the 
investigation was repeated in a different dairying region. 

Deaths of replacement stock were considered to be zero. 
While there are some losses in reality, our results are unaf¬ 
fected by this since the replacement animals contributed only 
a small portion of the total GHG emissions from the farm. 
Calves sold at 4 to 11 days of age were excluded from the 
study but with negligible impact on the results. Calves of this 
age do not have functioning rumens so there is no fermenta¬ 
tion of feed and no generation of methane. Also, manure 
from these animals is a tiny proportion of annual manure 
production for the farm. 


5 Conclusions 

Although feeding strategies that reduce methane emissions 
from dairy cows can lower the direct GHG emissions from a 
farm, they may not result in lower total GHG emissions nor 
lower GHG intensities (g C0 2 -eq/L FPCM) when pre-farm 
emissions are included. Both transport distance and the effect 
of the feed on milk production have important impacts on the 
outcomes. Further work is recommended to ensure the result 
of this research is not an artefact of the information used. 
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